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Abstract 
The  tristetraprolin  (TTP)  family  comprises  zinc  finger–containing  AU-rich  element 
(ARE)–binding proteins consisting of three major members: TTP, ZFP36L1, and ZFP36L2. The 
present study generated specific antibodies against each TTP member to evaluate its ex-
pression during differentiation of 3T3-L1 preadipocytes. In contrast to the inducible expres-
sion of TTP, results indicated constitutive expression of ZFP36L1 and ZFP36L2 in 3T3-L1 
preadipocytes and their phosphorylation in response to differentiation signals. Physical RNA 
pull-down and functional luciferase assays revealed that ZFP36L1 and ZFP36L2 bound to the 
3 untranslated region (UTR) of MAPK phosphatase-1 (MKP-1) mRNA and downregulated 
Mkp-1 3UTR-mediated luciferase activity. Mkp-1 is an immediate early gene for which the 
mRNA is transiently expressed in response to differentiation signals. The half-life of Mkp-1 
mRNA was longer at 30 min of induction than at 1 h and 2 h of induction. Knockdown of TTP 
or ZFP36L2 increased the Mkp-1 mRNA half-life at 1 h of induction. Knockdown of ZFP36L1, 
but not ZFP36L2, increased Mkp-1 mRNA basal levels via mRNA stabilization and down-
regulated ERK activation. Differentiation induced phosphorylation of ZFP36L1 through ERK 
and AKT signals. Phosphorylated ZFP36L1 then interacted with 14-3-3, which might decrease 
its mRNA destabilizing activity. Inhibition of adipogenesis also occurred in ZFP36L1 and TTP 
knockdown cells. The findings indicate that the differential expression of TTP family members 
regulates immediate early gene expression and modulates adipogenesis. 
Key words: tristetraprolin, 3T3-L1, ZFP36L1, ZFP36L2, MKP-1, AU-rich element. 
Introduction 
The tristetraprolin (TTP) family, which regulates 
mRNA decay, comprises three members in humans 
and four in rodents [1,2]. The three related proteins 
are TTP (also named ZFP36, TIS11), ZFP36L1 (TIS11B, 
BRF1), and ZFP36L2 (TIS11D, BRF2). Zfp36l3 is a ro-
dent-specific gene [3], only expressed in the placenta 
and extraembryonic tissues of mice. All  TTP family 
members  have  a  highly  conserved  (70%  identity) 
tandem zinc finger (TZF) domain, which is responsi-
ble  for  high-affinity  binding  to  AU-rich  elements 
(AREs) of mRNAs. Their N-terminal and C-terminal 
mRNA decay activation domains are <40% conserved 
[4]. The optimal RNA sequence for TTP binding is the 
nonamer  UUAUUUAUU  [5,6].  The  TTP  family 
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members all share TTP-like activities and promote the 
deadenylation  and  destruction  of  ARE-containing 
target sequences in co-transfection and in vitro dead-
enylation assays [7,8].  
TTP family proteins contain a high percentage of 
serines  and  threonines,  which  can  undergo  phos-
phorylation  [9,10].  Phosphorylation  of  TTP  and 
ZFP36L1  can  regulate  their  subcellular  localization, 
protein stability, and mRNA destabilization function 
[11-13].  Numerous  studies  have  shown  that  mito-
gen-activated  protein  kinase  (MAPK)-activated  pro-
tein  kinase  2  (MK2)  phosphorylates  TTP  to  allow 
binding  of  14-3-3  adaptor  proteins  and  to  inhibit 
deadenylase complex recruitment, thereby inhibiting 
the mRNA destabilizing activity of TTP [14-19]. Pro-
tein  kinase  B  (also  known  as  AKT)  phosphorylates 
ZFP36L1 at Ser92 and Ser203, resulting in binding to 
14-3-3 and impairment of mRNA decay activity [9,20]. 
The effects of ZFP36L2 phosphorylation remain un-
clear.  
A variety of studies have indicated that the TTP 
family proteins have important physiological roles. In 
macrophages,  inflammatory  signals  induce  TTP, 
which then acts as an anti-inflammatory factor that 
negatively regulates the expression of proinflamma-
tory mediators [21]. Mice lacking TTP spontaneously 
develop erosive arthritis, cachexia, alopecia, dermati-
tis,  autoantibodies,  and  myeloid  hyperplasia  [22] 
owing to the overproduction of TNFresulting from 
its  prolonged  mRNA  half-life  [23].  Zfp36l1-deficient 
mice fail to undergo chorioallantoic fusion, and the 
embryos die in utero [24]. Deletion of the first exon of 
Zfp36l2 results in complete infertility of female mice 
[25], whereas Zfp36l2 knockout mice display defects 
in  hematopoiesis  [26].  A  recent  report  showed  that 
mice  lacking  both  ZFP36L1  and  ZFP36L2  during 
thymopoiesis  develop  T-cell  acute  lymphoblastic 
leukemia [27]. Previous research has identified several 
mRNA targets of TTP [2], including cytokines, onco-
genes,  growth  factors,  and  immediate  early  gene 
(IEG)  mRNAs  such  as  Mkp-1  (encoding  a  MAPK 
phosphatase,  or  MKP)  and  Ttp  itself  [28-32].  The 
TTP-sensitive  targets  identified  in  knockout  cells, 
such  as  granulocyte-macrophage  colony-stimulating 
factor,  polo-like-kinase  3,  and  immediate  early  re-
sponse  3,  do  not  respond  to  knockout  of  ZFP36L1 
(and ZFP36L2) [24,33,34]. 
Although TTP family proteins contain conserved 
RNA-binding domains, they have differential expres-
sion patterns and different mRNA targets, and thus 
they have distinct biological functions. Differentiation 
of  3T3-L1  preadipocytes  involves  a  series  of  events 
such  as  mitotic  clonal  expansion,  which  involves 
transient  expression  of  IEGs.  Our  group  previously 
demonstrated the inducible expression of TTP during 
differentiation of 3T3-L1 preadipocytes [30], and we 
identified Mkp-1 mRNA as one of its targets [29]. The 
present study includes further characterization of the 
expression and regulation of ZFP36L1 and ZFP36L2 in 
3T3-L1 preadipocytes and the generation of specific 
antibodies  against  each  member  to  demonstrate  its 
expression. Short hairpin RNA (shRNA) or small in-
terfering (siRNA) knockdown of the TTP family pro-
teins  were  used  to  characterize  their  functions  in 
modulating  the  stability  of  ARE-containing  Mkp-1 
mRNA,  demonstrating  that  ZFP36L1  and  TTP  se-
quentially regulate the level of Mkp-1 mRNA during 
early differentiation of 3T3-L1 preadipocytes. 
Materials and Methods 
Plasmid constructs 
The  coding  sequences  of  mouse  ZFP36L1, 
ZFP36L2, and 14-3-3zeta were PCR-amplified from 2 
h lipopolysaccharide-treated RAW264.7 cDNAs using 
primers  5-ATGACCACCACCCTCGTGTC-3  and 
5-TTAGTCATCTGAGATGGAGAG-3  for  Zfp36l1, 
5-ATGTCGACCACACTTCTGTCAC-3and 
5-TCAGTCGTCGGAGATGGAGAGGCG-3  for 
Zfp36l2, and 5-ATGGATAAAAATGAGCTGG-3 and 
5-CCAGCTCATTTTTATCCAT-3 for 14-3-3 zeta. The 
PCR fragments were ligated into pCRII-TOPO vector 
(Invitrogen,  Carlsbad,  CA,  USA).  After  sequences 
were  confirmed,  recombinant  genes  were  then  sub-
cloned into pCMV-Tag-2B (Stratagene, La Jolla, CA, 
USA) and pEGFP-C2 (Clontech Laboratories, Moun-
tain View, CA, USA) via EcoRI sites for FLAG-tagged 
and  green  fluorescent  protein  (GFP)  expression,  re-
spectively, in  mammalian cells. 14-3-3 zeta was also 
cloned  into  pGEX-3  (GE  Healthcare  BioScience, 
Chalfont St. Giles, UK) for glutathione-S-transferase 
(GST)  fusion  protein  production.  TTP  expression 
plasmid and the 3UTR of Mkp-1 mRNA were cloned 
as described [29]. For luciferase reporter  constructs, 
Mkp-1  3UTR  was  subcloned  into 
pCMV-Tag-2C-Luciferase  (Stratagene)  reporters  us-
ing the ApaI and KpnI sites.  
Expression of recombinant TTP family pro-
teins and production of antisera 
The  mouse  cDNA  fragments  corresponding  to 
amino acid residues 185–306 of TTP, residues 225–324 
of ZFP36L1, and residues 300–448 of ZFP36L2 were 
amplified by PCR and cloned into the pMAL-c4x ex-
pression vector (New England Biolabs, Ipswich, MA, 
USA). Additional 6×His tag sequences were added to 
their 3' primers. The recombinant proteins were ex-
pressed in Escherichia coli STBL2 (Invitrogen) and pu-Int. J. Biol. Sci. 2012, 8 
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rified  using  Ni-NTA  resin  (QIAGEN,  Germantown, 
MD, USA). The antisera were induced according to 
general  procedures.  Briefly,  approximately  250  µg 
maltose-binding protein fusion protein was diluted in 
0.5 ml phosphate-buffered saline (PBS), mixed  with 
0.5 ml Freund’s complete adjuvant, and injected in-
tradermally  into  New  Zealand  white  rabbits.  The 
rabbits were injected with the same amount of antigen 
in Freund’s incomplete adjuvant every 4 weeks fol-
lowing the primary injection. After the second round 
of  injections,  antisera  were  collected  and  immuno-
globulins were purified for immunoblotting analysis. 
All procedures adhered to institutional guidelines for 
the ethical use of animals in research. 
Cell culture 
The 3T3-L1 preadipocytes were grown in Dul-
becco's  modified  Eagle's  medium  (Gibco,  Grand  Is-
land, NY, USA) containing 1.5 g/l NaHCO3 and sup-
plemented with 10% bovine serum (Gibco), 100 U/l 
penicillin,  and  100  mg/l  streptomycin  (Gibco)  in  a 
humidified 37°C incubator containing 5% CO2. Once 
60% to 70% confluency had been reached, 3T3-L1 cells 
were washed once in PBS and subcultured by tryp-
sinization.  To  induce  differentiation,  2-day 
post-confluent  3T3-L1  cells  were  stimulated  by 
changing the culture medium to fresh medium con-
taining 10% fetal bovine serum (HyClone Laborato-
ries, Logan, UT, USA) with a hormonal cocktail con-
taining  0.5  mM  methylisobutylxanthine  (Sig-
ma-Aldrich,  St.  Louis,  MO,  USA),  5  µM  dexame-
thasone (Sigma-Aldrich), and 0.17µM bovine insulin 
(Sigma-Aldrich)  (cocktail  together  named  FMDI  in-
ducer).  Human  embryonic  kidney  (HEK)  293T  cells 
were grown in Dulbecco's modified Eagle's medium 
containing 3.7 g/l NaHCO3, 10% fetal bovine serum, 
100 U/l penicillin, and 100 mg/l streptomycin, and 
were subcultured by flushing the cells  with culture 
medium. 
Preparation of cellular extracts and im-
munoblotting  
For  preparation  of  whole-cell  extracts  (WCEs), 
cells were washed once in PBS in a 100-mm culture 
dish and resuspended in 400 l of WCE buffer (25 mM 
HEPES, pH 7.7, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 
mM  DTT  (Dithiothreitol),  0.1%  (v/v)  NP-40,  0.3  M 
NaCl)  with  protease  inhibitor  cocktails  (Sig-
ma-Aldrich)  and  phosphatase  inhibitors  (0.01  M 
-glycerol  phosphate,  0.1  mM  Na2MoO4,  0.1  mM 
Na3VO4, pH 10.0, and 0.01 M NaF). The cell suspen-
sion  was  shaken  at  4°C  for  30  min,  centrifuged  at 
13,000 rpm, 4°C for 5 min, and the supernatant was 
then collected. Proteins in cell lysates were quantified 
using Bradford reagent (Bio-Rad, Hercules, CA, USA), 
separated  by  10%  SDS-PAGE,  and  transferred  to  a 
polyvinylidene  difluoride  membrane  (Millipore, 
Billerica, MA, USA) via a semi-dry transfer system for 
immunoblotting  with  anti-TTP,  anti-ZFP36L1,  an-
ti-ZFP36L2, and anti--tubulin. Commercial antibod-
ies against ERK, MKP-1, and AKT (each from Santa 
Cruz  Biotechnology,  Santa  Cruz,  CA,  USA)  and 
phosphorylated  ERK  (p-ERK)  and  p-AKT  (Ser473) 
(each from Cell Signaling Technology, Beverly, MA, 
USA),and  anti-FABP4  (aP2)(Epitomics,  Burlingame, 
CA, USA). To examine protein phosphorylation, the 
WCEs were incubated with 20 U calf intestinal alka-
line phosphatase (CIP, New England Biolabs) at 37°C 
for 1 h, and then subjected to immunoblotting. 
RNA extraction, reverse-transcription, and 
quantitative PCR 
Total RNA was harvested using TRIzol reagent 
(Invitrogen) Then, 3–5µg of total RNA was reverse 
transcribed to produce cDNA using M-MLV reverse 
transcriptase  (Promega,  Madison,  WI,  USA).  Re-
al-time PCR was performed in a total volume of 20 µl 
using  the  Applied  Biosystems  7300  Real-Time  PCR 
System (Applied Biosystems, Foster City, CA, USA). 
Ttp, Zfp36l1, Zfp36l2, and Mkp-1 expression was ana-
lyzed using SYBR Green PCR Master Mix (Applied 
Biosystems) with 50 ng of cDNA and 400 nM of each 
of  the  forward  and  reverse  primers 
5-TGAGCGAAGTTTTATGCAAGGG-3  and 
5-GCTGGGCAGAGTGACCGAG-3  for  Zfp36l1, 
5-GATGTCGACTTGTTGTGCAAGACG-3  and 
5-GCGTCCCTACCGCCTTCT-3  for  Zfp36l2,  and 
primers described previously [29] for Ttp, Mkp-1, and 
-actin. actin was used as an internal control. The 
real-time PCR amplification conditions were 40 cycles 
of 95°C for 15 s and 60°C for 1 min. Real-time PCR 
data were analyzed using the 2–△△dCt relative quanti-
fication method according to the manufacturer’s in-
structions.  
RNA pull-down assays 
Biotin-labeled RNAs containing Mkp-1 3UTR or 
18S  rRNA  were  transcribed  in  vitro  using  the 
T7-MEGAshortscriptTM  High  Yield  Transcription  kit 
(Ambion,  Austin,  TX,  USA).  Briefly,  2  μg  of  Bam-
HI-linearized  pCRII-TOPO-MKP-1  3UTR  plasmid 
and pT7-RNA-18S control template DNA were tran-
scribed in vitro using T7 polymerase in the presence of 
1 mM biotin-CTP (Invitrogen) at 37°C for 2 h. After 
DNase I digestion, the riboprobes were purified using 
phenol-chloroform extraction, and the total amount of 
transcribed  mRNA  was  determined  by  measuring 
optical density. Cytoplasmic extracts of 3T3-L1 cells Int. J. Biol. Sci. 2012, 8 
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were prepared  in binding buffer containing 10 mM 
HEPES,  pH  7.5,  90  mM  potassium  acetate,  1.5  mM 
magnesium acetate, 2.5 mM DTT, 0.05% NP-40, and 
protease inhibitor cocktails. After the addition of 0.1 
U/µl RNase inhibitor (Promega) and 20 µg/µl yeast 
tRNA  (Ambion),  lysates  were  absorbed  by  hepa-
rin-agarose  (Sigma-Aldrich)  and  streptavi-
din-Sepharose (Invitrogen) beads for approximately 1 
h at 4°C. After brief centrifugation, the supernatant 
was collected and total protein was quantified using 
the Bradford reagent. The same amount of total pro-
tein  was  incubated  with  biotin-labeled  RNA  probe 
and  streptavidin-Sepharose  for  3  h  at  4°C.  After 
washing  five  times  with  the  binding  buffer,  the 
pulled-down RNA-protein complexes were subjected 
to immunoblotting with anti-TTP, anti-ZFP36L1, and 
anti-ZFP36L2.  
Transfection and luciferase reporter assays 
HEK293T  cells  were  seeded  in  six-well  plates 
and co-transfected using the calcium phosphate pre-
cipitation  method  with  0.5  µg  of  pCMV-Luc-Mkp-1 
3UTR or pCMV-Luc control vectors, together with 1 
µg  of  pSV--galactosidase  as  an  internal  control. 
pCMV-Flag-TTP, -ZFP36L1, or -ZFP36L2 (0.2 g or 0.5 
g) were also transfected into the cells. After 24 h, the 
cells were harvested and assayed for luciferase and 
-galactosidase activities. Luciferase activity was de-
termined  using  a  luminometer  (Packard,  Downers 
Grove, IL, USA) with luciferin (Promega) as the sub-
strate. -galactosidase activity was determined using 
a  standard  colorimetric  assay  with  2-nitrophenyl 
-D-galactopyranoside  (Sigma-Aldrich)  as  the  sub-
strate.  WCEs  were  then  prepared  and  analyzed  by 
immunoblotting  with  specific  antibodies.  Luciferase 
activity  was  primarily  normalized  with 
-galactosidase  activity  and  secondarily  normalized 
with  control  sets.  Each  treatment  group  contained 
triplicate  cultures,  and  each  experiment  was  inde-
pendently performed three times.  
GST pull-down assays 
Glutathione-Sepharose 4B beads (approximately 
8  µl,  GE  Healthcare  Life  Sciences,  Piscataway,  NJ, 
USA) were incubated with bacterially expressed GST 
or  GST–14-3-3  proteins  in  PBS  containing  1%  (v/v) 
Triton X-100 on a rotary shaker for 20 min at room 
temperature. After washing three times with the same 
buffer, the beads were combined with 300 µg cell ly-
sates from 3T3-L1 cells that had undergone various 
treatments in a final volume of 200 µl of buffer con-
taining 20 mM HEPES, pH 7.9, 100 mM NaCl, 2.5 mM 
MgCl2, 0.1 mM EDTA, 0.05% NP-40, and 1% Triton 
X-100, along with 1 mM DTT, and 1 mM PMSF (Phe-
nylmethylsulfonyl fluoride), on a rotary shaker. The 
mixtures were incubated at 4°C for 2 h, and then the 
beads were washed four times with the latter buffer 
lacking  DTT  and  PMSF  but  containing  0.2  M  NaCl 
and once with 50 mM Tris, pH 6.8. Bound proteins 
were eluted by boiling in SDS-PAGE sample buffer 
and analyzed by immunoblotting. To block ZFP36L1 
phosphorylation,  3T3-L1  cells  were  induced  with 
FMDI  in  the  presence  of  10  M  U0126  (Sig-
ma-Aldrich), 100 nM wortmannin (Sigma-Aldrich), or 
both together for 30 min. 
Gene knockdown assays 
shRNAs against mouse Zfp36l1, Zfp36l2, and Lu-
ciferase  were  obtained  from  the  national  RNAi  core 
facility located at the Institute of Molecular Biology, 
Genomic Research Center, Academia Sinica. The tar-
get  sequences  were  5-CTTCGAAATGTCCGTT 
CGGTT-3  (TRCN0000072243)  for  Luciferase, 
5-CCGCTGCCACTTCATTCATAA-3  (TRCN0000 
123470)  for  Zfp36l1,  and  5-CCAAACACTT 
AGGTCTCAGAT-3  (TRCN0000173172)  for  Zfp36l2. 
For  virus  production,  HEK293T  cells  were 
co-transfected  with  vectors  necessary  for  lentivirus 
packaging, including 14 µg of pCMV∆R8.91, 2 µg of 
pMD.G,  and  14  µg  of  hairpin-pLKO.1  plasmids  for 
cells cultured in 100-mm dishes. Between 6 and 8 h 
after  transfection,  the  transfection  media  were  re-
placed  by  fresh  3T3-L1  culture  media,  and  the  vi-
rus-containing media were collected twice every 24 h, 
added to 8 g/ml polybrene, and stored at 4°C for less 
than  2  weeks.  Before  infection,  the  virus-containing 
media were briefly centrifuged at 1,200 × g for 5 min 
at room temperature to remove 293T cell debris.  
For virus infection in 3T3-L1 cells, 40–50% con-
fluent cells in a 60-mm dish were infected with 3 ml 
virus-containing  medium  (the  primary  infection). 
After 24 h, another infection was conducted using the 
same  procedure  (super  infection).  The  vi-
rus-containing medium was replaced by fresh culture 
medium 1 day later, followed by 2 µg/ml puromycin 
selection the subsequent day. The culture media con-
taining  2  µg/ml  puromycin  were  changed  every  2 
days  until  the  infected  3T3-L1  cells  reached  100% 
confluency.  siRNAs  used  to  knock  down  TTP  and 
MKP-1  were  purchased  from  Dharmacon 
(ON-TARGETplus SMARTpool against mouse Zfp36 
and Mkp-1, Lafayette, CO, USA). Specific siRNAs, or 
non-targeting control siRNA, were delivered into 50% 
confluent  3T3-L1  cells  using  Dharmafect  3  transfec-
tion reagent (Dharmacon). At 48 h post-transfection, 
confluent 3T3-L1 cells were induced to differentiate. 
Total  lysates  were  then  immunoblotted.  Total  RNA 
was purified and subjected to real time-PCR analysis Int. J. Biol. Sci. 2012, 8 
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using specific primers.  
Oil red O staining 
After 6 days of adipogenic differentiation, 3T3L1 
cells were washed once in PBS and fixed with 3.7% 
formaldehyde in PBS for 1.5 h at 37°C. Cells were then 
rinsed  three  times  with  distilled  water  and  stained 
with 0.1% oil red O solution (in 60% isopropanol) for 3 
h at 37°C. The oil red O was extracted with isopro-
panol and quantified by measuring the optical density 
at 510 nm. 
Statistical analysis 
All of the data are presented as the mean ± SD of 
at least three independent experiments. The statisti-
cally  significant  values  (*P<0.05,  **P<0.01  or  *** 
P<0.001)  were  determined  by  one-tailed  Student's 
t-test. 
Results 
Generation of specific antibodies against indi-
vidual TTP family members 
The TTP family members have highly conserved 
amino  acid  sequences  in  the  TZF  domains  and 
C-terminal  ends  (Fig.  1A).  Commercial  antisera 
against TTP family members recognize the TZF do-
main,  causing  cross-reactions  among  members.  To 
distinguish  these  members  clearly,  peptides  in 
non-conserved regions among TTP family members 
were used  to produce antisera (Fig. 1A, underlined 
sequences).  These  non-conserved  regions  (residues 
185–306 in TTP, 225–324 in ZFP36L1, and 300–448 in 
ZFP36L2)  were  expressed  as  recombinant  proteins 
with a maltose-binding protein tag at the N terminus 
and a His-tag at the C terminus (Fig. 1B). After puri-
fying  these  recombinant  proteins  and  immunizing 
rabbits,  specificity  tests  on  induced  antisera,  con-
ducted with GFP fusion proteins expressed in 293T 
cells, indicated that only the corresponding antiserum 
could recognize the transfected cell lysate that tran-
siently  overexpressed  GFP-TTP,  GFP-ZFP36L1,  or 
GFP-ZFP36L2 (Fig. 1C). These antisera could, there-
fore, distinguish the TTP family proteins. 
Analysis of ZFP36L1, ZFP36L2, and TTP ex-
pression profiles during 3T3-L1 early differen-
tiation 
Our previous studies demonstrated that induc-
tion  of  TTP  during  early  differentiation  of  3T3-L1 
preadipocytes downregulates IEG expression [29,30]. 
However,  these  investigations  did  not  evaluate 
ZFP36L1 and ZFP36L2 expression in 3T3-L1 cells. We 
therefore used immunoblotting to determine the ex-
pression  profiles  of  ZFP36L1  and  ZFP36L2  in  early 
differentiation of 3T3-L1 preadipocytes (Fig. 2A). In 
contrast to the inducible expression of TTP, ZFP36L1 
and ZFP36L2 were constitutively expressed. Analyses 
identified multiple bands of ZFP36L1 and ZFP36L2 in 
3T3-L1 preadipocytes, which shifted to higher molec-
ular weight positions following induction of differen-
tiation. After CIP treatment of the samples from 0 and 
30  min  of  induction,  the  multiple  ZFP36L1  and 
ZFP36L2 bands returned to the lower-migrating posi-
tions,  suggesting  the  presence  of  phosphorylated 
products (Fig. 2B). However, CIP treatment did not 
change the mobility of TTP (Fig. 2B). The mRNA ex-
pression profiles of the three TTP members differed 
during  differentiation  (Fig.  2C).  Zfp36l1  mRNA 
slightly increased to 1.8 fold at 30 min of induction 
and  decreased  to  ~0.2  fold  after  2  h  of  induction. 
Zfp36l2 mRNA level changed only minimally (1.9 to 
0.6 fold) during the differentiation period. Ttp mRNA 
level underwent rapid induction (a 50-fold increase), 
then rapidly decreased to basal level after 4 h of in-
duction  (Fig.  2C).  Although  ZFP36L1  and  ZFP36L2 
protein levels did not completely correlate with their 
mRNA levels, they showed minimal changes  in ex-
pression and underwent phosphorylation in response 
to differentiation signals.  
ZFP36L1 and ZFP36L2 bind to Mkp-1 AREs 
and negatively control Mkp-1 mRNA expres-
sion 
ZFP36L1 and ZFP36L2 contain an RNA-binding 
TZF  domain  similar  to  that  of  TTP.  We  therefore 
evaluated  the  interaction  of  ZFP36L1  and  ZFP36L2 
with Mkp-1 mRNA, a TTP target. The 3UTR of Mkp-1 
mRNA  contains  three  AREs  [29].  RNA  pull-down 
assays  demonstrated  the  RNA-protein  interaction. 
Incubation  of  the  biotinylated  Mkp-1  3UTR  with 
3T3-L1  cell  lysates,  followed  by  immunoblotting  of 
the  associated  proteins,  identified  ZFP36L1  and 
ZFP36L2  in  the  complexes  pulled  down  from  the 
control  and  induced  cell  lysates.  The  levels  of 
pulled-down proteins generally correlated with their 
expression levels (Fig. 3A). TTP expressed in 1 h– and 
2 h–induced cell lysates pulled down by Mkp-1 ARE 
served as a positive control. To evaluate the mRNA 
destabilization activities of ZFP36L1 and ZFP36L2, we 
co-expressed  their  expression  plasmids  with  the 
Mkp-1 3UTR–mediated Luciferase reporter. As shown 
in Figure 3B, ectopic expression of ZFP36L1  greatly 
suppressed  luciferase  activity.  Furthermore,  com-
pared  to  vector  control,  overexpression  of  ZFP36L1 
and  ZFP36L2  decreased  the  half-life  of  Luc-Mkp-1 
mRNA via the Mkp-1 3UTR from 217.7 min to 82.5 
min and 70.8 min, respectively (Fig. 3C). In the im-Int. J. Biol. Sci. 2012, 8 
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munoblot  shown  in  Figure  3B,  the  FLAG-ZFP36L2 
expression  level  seemed  to  be  higher  than  that  of 
FLAG-ZFP36L1, and the higher dose of ZFP36L2 (0.5 
μg) increased the ARE-mediated luciferase activity as 
was reported for TTP [28].  
 
 
Figure 1. Characterization of specific antibodies against TTP family proteins. (A) Alignment of the amino acid sequences of the three 
mouse TTP family members. The TZF domain and the C terminus are highly conserved. Black dots denote CCCH residues in the TZF domain. 
Underlining indicates regions used to produce antiserum for each protein. The amino acids which are the same in three family proteins are 
highlighted in black, and those only the same in two members are highlighted in gray. (B) Coomassie blue staining of purified TTP family members 
expressed in E. coli with a maltose-binding protein tag at the N terminus and a 6×His tag at the C terminus for antiserum production. L1: ZFP36L1; 
L2: ZFP36L2. (C) HEK293T cells expressed GFP-TTP, GFP-ZFP36L1 (L1), and GFP-ZFP36L2 (L2). WCEs (40 µg) were applied to each lane for 
immunoblotting with anti-TTP, anti-ZFP36L1, and anti-ZFP36L2. Antiserum dilution was 1:1000. 
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Figure 2. Protein and mRNA expression profiles of the TTP family during 3T3-L1 early differentiation. Two-day post-confluent 
3T3-L1 cells were induced to differentiate by FMDI for the indicated times. (A) WCEs were used for immunoblotting using anti-TTP, -ZFP36L1, 
and -ZFP36L2. -tubulin served as a protein loading control. (B) WCEs from 0-min and 30-min induction were subjected to in vitro CIP treatment 
for 1 h at 37°C, and then immunoblotting was performed as (A). Data are representative of three independent experiments with similar results. 
(C) RNA was isolated for quantitative PCR analysis to measure Ttp, Zfp36l1, and Zfp36l2 mRNA levels. Bars, mean ± SD of three independent 
samples normalized to -actin mRNA levels. 
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Figure 3. Physical and functional interaction of ZFP36L1 and ZFP36L2 with 3UTR of Mkp-1 mRNA (A) RNA pull-down shows the 
interaction between the TTP family and Mkp-1 mRNA 3UTR. Biotinylated Mkp-1 3UTR was incubated with cytosolic extracts from 3T3-L1 cells 
induced with FMDI for 0, 0.5, 1, and 2 h, and then brought down by streptavidin-Sepharose beads. Biotinylated 18S rRNA served as a negative 
control. The RNA-protein complexes were separated by SDS-PAGE and immunoblotted with anti-TTP, anti-ZFP36L1, and anti-ZFP36L2. 
-tubulin served as a negative control. A representative of three independent experiments with similar results is shown. (B) ZFP36L1 and ZFP36L2 
downregulate Mkp-1 3UTR-driven luciferase activity. HEK293T cells were co-transfected with 0.2 μg or 0.5 g of FLAG-tagged ZFP36L1 or 
ZFP36L2 expression plasmid and a pCMV-Luciferase reporter construct containing the Mkp-1 3UTR. The ARE-derived luciferase assay results 
were normalized with β-galactosidase activity to correct for variations in transfection efficiency, and also normalized with the activity of a lu-
ciferase reporter lacking the ARE to compensate for transcriptional activation (upper panel). The lower panel shows the ectopic expression of the 
proteins as revealed by immunoblotting with antibodies against the indicated proteins. Each reaction contained duplicate cultures, and each 
experiment  was  repeated  3  or  4  times  independently.  **P  <  0.01;  ns,  not  significant.  (C)  ZFP36L1  and  ZFP36L2  downregulate  Mkp-1 
3UTR-mediated  Luciferase  RNA  stability.  HEK293T  cells  were  co-transfected  with  pCMV-Luciferase-MKP-1  3UTR,  FLAG-ZFP36L1,  or 
FLAG-ZFP36L2 expression plasmid, and pCMV-β-galactosidase. After 24 h, the cells were left untreated or treated with 10 μg/ml actinomycin D 
to block transcription for 30 min or 60 min. RNA was subjected to quantitative PCR analysis using primers directed to the luciferase and 
β-galactosidase genes. The relative Luciferase mRNA levels are shown. The mRNA half-life (t1/2) was calculated and indicated. *P < 0.05, **P < 0.01.  Int. J. Biol. Sci. 2012, 8 
 
 
http://www.biolsci.org 
769 
ZFP36L1and TTP temporally modulate Mkp-1 
mRNA expression during early differentiation 
of 3T3-L1 cells 
Mkp-1  mRNA  was  barely  detectable  in  3T3-L1 
preadipocytes.  After  induction  of  differentiation, 
Mkp-1 mRNA rapidly increased to its highest level at 
40 min of induction and rapidly decreased thereafter 
(Fig. 4A, upper graph). MKP-1 was induced at 60 min 
and  gradually  decreased  after  3  h  (Fig.  4A,  lower 
panel). The mRNA half-life during early differentia-
tion was determined by treatment with an RNA syn-
thesis inhibitor (Fig. 4B). Mkp-1 mRNA was more sta-
ble  at  30  min  of  induction  (t1/2=285.1  min),  when 
Mkp-1 mRNA levels in Figure 4A increased. However, 
its  half-life  decreased  at  1  h  and  2  h  of  induction 
(t1/2=28.5  min  and  23.0  min,  respectively),  when 
Mkp-1 mRNA markedly decreased. TTP was knocked 
down by siRNA, and then regulation of Mkp-1 mRNA 
expression during 3T3-L1 differentiation was evalu-
ated.  Following  TTP  knockdown,  the  half-life  of 
Mkp-1 mRNA increased at 1 h of induction (increased 
from control 16.6 min to 39.0 min), and MKP-1 protein 
levels increased at 3 h of induction (Fig. 4C and D), 
suggesting that inducible TTP controls the rapid de-
cay of Mkp-1 mRNA.  
Lentiviruses  carrying  specific  shRNAs  were 
used to knockdown ZFP36L1 and ZFP36L2 (Fig. 5A). 
The knockdown efficiency was examined in the de-
crease of protein levels by immunoblotting (Fig.5A, 
upper  panel)  and  the  decrease  of  mRNA  levels  by 
quantitative  PCR  (Fig.5A,  lower  panel).  ZFP36L1 
knockdown,  but  not  ZFP36L2  knockdown,  upregu-
lated MKP-1 protein and downregulated ERK activa-
tion (Fig. 5A). The basal Mkp-1 mRNA level was in-
creased  with  ZF36L1  shRNA  compared  with  the 
knockdown of control and ZFP36L2 shRNAs (Fig. 5B). 
IEG mRNAs (c-Myc, c-Jun, c-Fos, and Ttp) were also 
increased  with  ZFP36L1  shRNA  (Supplementary 
Material: Fig. S1). As shown in Figure 5C, knockdown 
of ZFP36L1 extended the Mkp-1 mRNA half-life (from 
control  25.1  min  to  32.9  min)  under  the 
non-differentiation condition. In contrast, knockdown 
of ZFP36L1 did not alter the Mkp-1 mRNA half-life at 
1  h  of  induction,  whereas  knockdown  of  ZFP36L2 
increased the half-life (Fig. 5D). Thus, the TTP family 
proteins collectively contribute to the temporal mod-
ulation of Mkp-1 mRNA stability in 3T3-L1 cells.  
 Phosphorylated ZFP36L1 interacts with 
14-3-3 
As described above, constitutive ZFP36L1 bound 
to Mkp-1 mRNA 3UTR to destabilize its mRNA and 
reduce basal Mkp-1 mRNA levels. To explain the sta-
bilization of Mkp-1 mRNA at 30 min of induction (Fig. 
4B), we examined whether ZFP36L1 phosphorylation 
could inhibit its function by interacting with the sig-
nal adaptor 14-3-3, as described [20]. GST-fused 14-3-3 
was incubated with 3T3-L1 cell lysates at 0, 30 min, 1 
h, and 2 h post-induction of differentiation, and im-
munoblotting  was  used  to  analyze  the  associated 
protein complexes (Fig. 6A). GST–14-3-3 pulled down 
higher–molecular  weight  ZFP36L1  in  differentia-
tion-induced  cell  lysates  but  not  in  control  lysates, 
suggesting  that  GST–14-3-3  might  associate  with 
phosphorylated ZFP36L1. To explore which kinases 
phosphorylate  ZFP36L1  during  3T3-L1  differentia-
tion, antibodies against activated kinases were used to 
assess the cell lysates from the 3T3-L1 differentiation 
time  course  (Fig.  6B).  Phospho-ERK  and  phos-
pho-AKT, but not phospho-p38, were detected in the 
differentiation-induced  cell  lysates,  indicating  the 
activation of both ERK and AKT signaling pathways. 
GST–14-3-3  pull-down  assays,  performed  using  cell 
lysates treated with an inhibitor of ERK and/or AKT 
signaling, were used to evaluate the regulation of the 
interaction  between  14-3-3  and  ZFP36L1  by  these 
signaling pathways. As shown in Figure 6C, blockage 
of both ERK and AKT signaling pathways (by U0126 
and  wortmannin,  respectively)  inhibited  ZFP36L1 
phosphorylation  and  decreased  the  GST–14-3-3 
pull-down  levels.  Subsequently,  in  the  presence  of 
U0126  and  wortmannin,  the  expression  level  and 
half-life of Mkp-1 mRNA was decreased at 15 min of 
differentiation  induction  (Fig.  6D).  This  result  sug-
gested  that  differentiation-induced  signaling  caused 
the  phosphorylation  of  ZFP36L1,  which  then  inter-
acted with 14-3-3 to diminish its mRNA destabiliza-
tion  activity.  Owing  to  the  decreased  activities  of 
ZFP36L1, its mRNA target (Mkp-1) was more stable at 
30  min  of  induction  than  at  longer  differentiation 
times. 
Functional analysis of TTP family proteins in 
adipogenesis 
To evaluate the roles of TTP family proteins in 
adipogenesis, we investigated their expression during 
longer periods of 3T3-L1 differentiation. Analysis of 
mRNA and protein levels revealed high expression of 
both  ZFP36L1  and  ZFP36L2  proteins  and  slight  ex-
pression  of  TTP  during  differentiation  over  5  days 
(Fig.  7A).  Knockdown  of  ZFP36L1  blocked  adipo-
genesis, as evaluated using oil red O staining (Fig. 7B), 
whereas  knockdown  of  ZFP36L2  increased  adipo-
genesis. Immunoblotting revealed that the adipogenic 
marker aP2 was not induced in ZFP36L1 knockdown 
cells (Fig. 7B, lower panel). Cell number determina-
tion showed that knockdown of ZFP36L1 downregu-Int. J. Biol. Sci. 2012, 8 
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lated mitotic clonal expansion (Supplementary Mate-
rial: Fig. S2). Knockdown of TTP by siRNA also in-
hibited  adipogenesis  (Fig.  7C).  MKP-1  knockdown 
increased  adipogenesis  (Fig.  7C),  which  was  con-
sistent with the downregulation of MKP-1 by TTP and 
ZFP36L1. TTP family proteins differentially regulate 
MKP-1  expression  during  early  differentiation  of 
3T3-L1 cells, and this regulation is critical for cell dif-
ferentiation.  
 
Figure 4. Knockdown of TTP 
family proteins affects Mkp-1 
mRNA  stability  during 
3T3-L1  differentiation.  (A) 
Expression  profiles  of  Mkp-1 
mRNA (upper panel) and protein 
(lower  panel)  during  the  early 
differentiation stage of adipogene-
sis.  Two-day  post-confluent 
3T3-L1  preadipocytes  were  in-
duced with FMDI for the indicated 
times.  RNA  was  isolated  for 
quantitative  PCR  analysis.  The 
graph  shows  the  mean  ±  SD  of 
relative Mkp1 mRNA levels nor-
malized  to  -actin  mRNA  levels 
from three independent samples. 
WCEs were immunoblotted with 
anti-MKP-1  anti-β-tubulin.  (B) 
Analysis of Mkp-1 mRNA half-life 
after differentiation induction for 
0.5 h, 1 h, and 2 h. Actinomycin D 
(10  µg/ml)  was  added  for  0,  10 
min, 20 min, and 30 min to stop 
transcription.  RNA  was  isolated 
for quantitative PCR analysis. The 
half-life of Mkp-1 mRNA (t1/2) was 
determined  and  indicated. 
*P<0.05,  **P<0.01  and  *** 
P<0.001. (C) and (D) 3T3-L1 cells 
at  50%  confluency  were  trans-
fected with TTP-specific siRNA or 
with control non-targeting siRNA 
(siCtrl).  After  48  h,  cells  were 
induced with FMDI for 0, 3, and 6 
h. WCEs were isolated and then 
immunoblotted  with  anti-TTP, 
anti-MKP-1, and anti--tubulin (C). 
(D) Mkp-1 mRNA half-life analysis 
following TTP knockdown.  After 
the addition of FMDI for 1 h, cells 
were  exposed  to  10  µg/ml  acti-
nomycin D for the indicated times, 
and then Mkp-1 mRNA was ana-
lyzed  using  quantitative  RT-PCR. 
The  relative  amounts  of  Mkp-1 
mRNA  are  presented  after  nor-
malizing to -actin mRNA values. 
The  mRNA  half-life  (t1/2)  was 
calculated and indicated.*P < 0.05. 
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Figure 5. Knockdown of ZFP36L1 affects Mkp-1 mRNA stability in preadipocytes. (A) 3T3-L1 preadipocytes were infected with 
lentivirus carrying shRNA against ZFP36L1 (shL1), ZFP36L2 (shL2), or luciferase (shLuc, negative control) mRNA. WCEs from ZFP36L1 or 
ZFP36L2 knockdown cells were immunoblotted with anti-ZFP36L1, anti-ZFP36L2, anti-MKP-1, anti-p-ERK, anti-ERK, and anti--tubulin (upper 
panel). The bracket indicates the multiple forms of ZFP36L2. The arrow indicates the increased MKP-1 protein under knockdown of ZFP36L1. 
RNA was isolated for quantitative PCR to analyze the expression of Zfp36l1 and Zfp36l2 (lower panel). **P < 0.01; ***P < 0.001; ns, not significant. 
(B) ZFP36L1 knockdown by shL1 increases the basal level of Mkp-1 mRNA. RNA was isolated from knockdown cells for quantitative PCR with 
primers to Mkp-1 and -actin. The relative amounts of Mkp-1 mRNA are presented after normalizing to β-actin mRNA values as the mean ± SD 
from three independent samples. *P < 0.05. (C) Mkp-1 mRNA half-life is increased in ZFP36L1 knockdown cells. 3T3-L1 cells were treated with 
shLuc, shL1, or shL2, and actinomycin D was added for the indicated times to stop RNA synthesis. RNA was isolated for quantitative PCR. Each 
experiment was performed three to five times independently. The mRNA half-life (t1/2) was calculated and indicated. *P < 0.05. (D) Determination 
of Mkp-1 mRNA half-life at 1 h of differentiation in control and knockdown cells. Two-day post-confluent 3T3-L1 cells knocked down with control 
shLuc, shL1, or shL2 were induced to differentiate for 1 h followed by actinomycin D treatment for 0 min (untreated), 10 min, 20 min, and 30 min. 
RNA was isolated for quantitative PCR with primers directed to Mkp-1 and β-actin. The mRNA half-life (t1/2) was calculated and indicated. **P < 
0.01.  Int. J. Biol. Sci. 2012, 8 
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Figure 6. Phosphorylated ZFP36L1 interacts with 14-3-3. (A) GST pull-down analysis. E. coli–expressed GST–14-3-3 or GST were bound 
on glutathione-Sepharose beads. The beads were incubated with 3T3-L1 cell lysates after induction of differentiation for 0, 30 min, 1 h, and 2 h. 
The associated proteins were separated using SDS-PAGE and immunoblotted with anti-ZFP36L1 and anti--tubulin. (B) Activation of ERK and 
AKT during 3T3-L1 differentiation. Two-day post-confluent 3T3-L1 cells were induced with FMDI for 0, 10, 20, 40, and 60 min. The WCEs were 
immunoblotted with anti-p-ERK, anti-p-AKT, anti-p-p38, anti-ERK, anti-AKT, anti-p38 and anti--tubulin. (C) Interaction between ZFP36L1 and 
14-3-3 is blocked by inhibitors of ERK and AKT signaling pathways. Two-day post confluent 3T3-L1 cells were induced with FMDI in the presence 
of 10 M U0126, 100 nM wortmannin, or both for 30 min. The cell extracts were isolated for GST pull-down assays, and the pulled-down protein 
complexes were analyzed by immunoblotting with anti-ZFP36L1. One-tenth input of cell extracts was assessed with anti-ZFP36L1, anti-p-ERK, 
anti-ERK, anti-p-AKT, and anti-AKT. A representative of three independent experiments with similar results is shown. (D) Inhibition of ERK and 
AKT signaling pathways downregulates Mkp-1 RNA stability. Two-day post-confluent 3T3-L1 cells were untreated or pretreated with U0126 and 
wortmannin for 30 min, and then differentiation was induced for 15 min in the presence or absence of U0126 and wortmannin. Subsequently, 10 
μg/ml of actinomycin D was added for 0, 10 min, and 20 min to block transcription, and RNA was isolated for quantitative PCR. The expression 
level of Mkp-1 mRNA under non-treatment of actinomycin D was shown (left panel). The regression curves and Mkp-1 mRNA half-lives were 
presented (right panel). *P < 0.05, ***P < 0.001. Int. J. Biol. Sci. 2012, 8 
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Figure 7. Functional analysis of ZFP36L1 and ZFP36L2 in adipogenesis. (A) Expression profiles of TTP family proteins and mRNAs 
during adipogenesis. Two-day post-confluent 3T3-L1 cells were induced to differentiate for 1 to 5 days, and WCEs were prepared at the indicated 
times and immunoblotted with anti-TTP, anti-ZFP36L1, anti-ZFP36L2. Tubulin served as a loading control (left panel). RNA was isolated at 
indicated time for quantitative PCR (right panel). (B) The effects of ZFP36L1 and ZFP36L2 knockdown on adipogenesis. Lentivirus was used to 
infect 3T3-L1 with shRNA against mouse ZFP36L1, ZFP36L2, or luciferase (control). Infected 3T3-L1 cells were induced to differentiate for 6 days. 
The cells were stained with oil red O and observed with microscope, scale bar, 50 m (right panel). Oil red O was extracted using isopropanol, 
and OD510 was measured to quantify triglyceride accumulation (left panel). The lower panel shows the expression of the adipogenic marker aP2 
after differentiation for 0 to 6 days. *P < 0.05, **P < 0.01. (C) The effect of TTP and MKP-1 knockdown on adipogenesis. 3T3-L1 cells were 
transfected with siRNA against TTP, MKP-1, or non-targeting control. After induction for 6 days, the cells were stained with oil red O to quantify 
the differentiation. The graph shows the mean ± SD of relative OD510 from three independent experiments. **P < 0.01. Int. J. Biol. Sci. 2012, 8 
 
http://www.biolsci.org 
774 
 
 
Figure  8.  Schematic  depicting  the  regulation  of  TTP  family  proteins  in  3T3-L1  cells.  TTP  family  proteins  sequentially and 
post-transcriptionally regulate expression of ARE-containing IEGs during early differentiation of 3T3-L1 preadipocytes. In preadipocytes, ZFP36L1 
bound to IEG mRNAs to limit their basal levels. Following induction of differentiation, phosphorylated ZFP36L1 associated with 14-3-3 to inhibit 
its mRNA destabilization activity and then stabilized IEG mRNAs. The newly produced TTP then rapidly degraded the induced IEG mRNAs. 
ZFP36L2, like TTP, may function under induction conditions. 
 
Discussion 
In  this  study,  we  generated  antibodies  against 
individual  TTP  family  members  to  determine  their 
protein expression profiles during 3T3-L1 differentia-
tion.  In  preadipocytes,  ZFP36L1  bound  to  Mkp-1 
mRNA to limit its levels. Following induction of dif-
ferentiation, phosphorylated ZFP36L1 associated with 
14-3-3 to inhibit its mRNA destabilization activity and 
then  stabilized  Mkp-1 mRNA.  The  newly  produced 
TTP then rapidly degraded the induced Mkp-1 mRNA 
(Fig.8). Knockdown of ZFP36L1 and TTP resulted in 
increased Mkp-1 mRNA at basal and induction levels, 
respectively, and suppressed adipogenesis.  
Although  previous  reports  have  described  ex-
pression of the three TTP family member mRNAs in 
adipocytes,  macrophages,  keratinocytes,  human  tis-
sue, and cancer cell lines [35-38], no prior investiga-
tion has clearly characterized TTP protein expression 
patterns.  We  generated  antibodies  against  each 
member of the TTP family, thus providing a tool with 
which to study their functions. Immunoblotting con-
firmed  the  specificity  of  these  antisera  and  verified 
that there was no cross reactivity. Immunoblotting of 
the endogenous proteins using these antisera revealed 
different  protein  expression  patterns  during  3T3-L1 
differentiation. This is the first study to describe the 
protein expression of endogenous ZFP36L2.  
SDS-PAGE revealed multiple forms of ZFP36L1 
and ZFP36L2 detectable in 3T3-L1 cell lysates. TTP, 
ZFP36L1, and ZFP36L2 contain numerous serines and 
threonines  (mouse  TTP  contains  57  serines  and  17 
threonines in 319 residues, ZFP36L1 contains 49 ser-
ines and 21 threonines in 338 residues, and ZFP36L2 
contains 73 serines and 21 threonines in 484 residues), 
suggesting their potential for extensive phosphoryla-
tion. However, phosphatase treatment only partially 
altered  the  protein  mobility,  suggesting  that  other 
protein modifications were present or that association 
with other proteins prevented phosphatase function 
[39]. The ERK and AKT signaling pathways were ac-
tivated during 3T3-L1 differentiation, demonstrating 
their involvement in  ZFP36L1 phosphorylation. Ac-
cording  to  recent  reports,  TTP  interacts  with  the 
Ccr4-Caf1-Not deadenylase complex to trigger mRNA Int. J. Biol. Sci. 2012, 8 
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destabilization [17-19], whereas TTP phosphorylated 
by MK2 decreases deadenylase recruitment [17,18]. In 
addition, phosphorylated TTP interacts with 14-3-3 to 
prevent  TTP  from  dephosphorylation  by  protein 
phosphatase 2A [39]. Our observation of differentia-
tion-induced phosphorylation of ZFP36L1 and inter-
action with 14-3-3 thus suggests the downregulation 
of  mRNA  destabilizing  activity,  causing  Mkp-1 
mRNA stabilization at 30 min of induction (Fig.4B). 
Consistent with this result, when both ERK and AKT 
signaling pathways were inhibited by pharmaceutical 
inhibitors, the expression level and half-life of Mkp-1 
mRNA  were  decreased  (Fig.6D).  Previous  reports 
demonstrated  that  ZFP36L1  is  phosphorylated  by 
AKT  at  Ser92  and  Ser203  [9,20],  whereas 
ERK-mediated  phosphorylation  has  not  been  ade-
quately defined. The expression profiles of ZFP36L1 
mRNA and protein did not fully correlate. ZFP36L1 
mRNA decreased to one-fifth of its initial level at 2 h 
of induction, whereas its protein level showed mini-
mal change. This might be caused by ZFP36L1 phos-
phorylation and stabilization that maintains an ade-
quate  ZFP36L1  level  to  regulate  mRNA  stability  in 
response  to  alterations  in  environmental  conditions 
[9]. The Zfp36l1 mRNA level recovered after 1 day of 
differentiation  (Fig.  7  A),  indicating  that  a  complex 
mechanism governs the transcriptional regulation of 
this mRNA. 
 ZFP36L1  and  ZFP36L2  contain  conserved 
RNA-binding TZF domains. In vitro RNA pull-down 
analysis revealed that both proteins can associate with 
Mkp-1 mRNA. However, the functional reporter assay 
indicated  that  ZFP36L1  downregulated  Mkp-1 
ARE-mediated  luciferase  activity  more  effectively 
than ZFP36L2 did. ZFP36L1 knockdown cells, but not 
ZFP36L2 knockdown cells, showed changes in Mkp-1 
mRNA  expression  and  mRNA  half-life  in 
non-differentiated 3T3-L1 cells. However, the Mkp-1 
mRNA half-life was increased at 1 h of differentiation 
in ZFP36L2 knockdown cells (Fig. 5D). These results 
indicate that ZFP36L1 downregulates  Mkp-1 mRNA 
expression to control its basal level, whereas ZFP36L2, 
like  TTP,  may  function  under  induction  conditions, 
although the detailed mechanism by which ZFP36L2 
regulates mRNA stability is unclear. The interacting 
proteins of the TTP family might, therefore, exert dif-
ferent  functional  effects  on  specific  mRNA  targets. 
Except for the TZF domain, the regions of  the  TTP 
family are not highly conserved, suggesting that they 
support  different  protein  interaction  networks.  For 
example, the Cbl-interaction protein CIN85 interacts 
with the C terminus of human TTP but not of other 
members [40], and TTP, but not ZFP36L1, specifically 
interacts  with  the  Tax  protein  from  human  T  lym-
photropic virus 1 via the C-terminal domain [41]. The 
C terminus of ZFP36L2 contains a unique proline-rich 
domain  that  may  be  involved  in  specific  pro-
tein-protein interactions [38].  
This study showed that knockdown of ZFP36L1 
or TTP decreased adipogenesis (Fig. 7). Knockdown 
of  ZFP36L1  expression  also  impaired  mitotic  clonal 
expansion,  which  is  required  for  completion  of  dif-
ferentiation  [42].  The  TTP  family  proteins  are 
ARE-binding  and  RNA-destabilizing  proteins  and 
might,  therefore,  regulate  some  ARE-containing 
mRNAs with tightly controlled expression in adipo-
genesis. Target mRNAs of the TTP family were not 
systematically  identified  in  3T3-L1  cells.  Mkp-1 
mRNA might represent one of the ZFP36L1 and TTP 
targets in 3T3-L1 cells. In this study, induction of TTP 
controlled the transient expression of Mkp-1 mRNA, 
causing a reduction in its half-life at 1 h of induction. 
The constitutive expression of ZFP36L1 in 3T3-L1 cells 
served  to  control  the  basal  expression  of  Mkp-1 
mRNA at low levels. Bost et al. showed that differen-
tiation inducers of preadipocytes activate MAPKs and 
that this activation is reversible [43]. Previous studies 
have  also  described  an  emerging  family  of  du-
al-specificity  protein  phosphatases—the 
MKPs—which inactivate MAPKs via dephosphoryla-
tion of both threonine and tyrosine residues [44-46]. 
MKP-1, also referred to as DUSP1, 3CH134, CL100, or 
ERP, is the archetype of the MKP family. Mkp-1 is an 
IEG that is highly inducible by a broad variety of ex-
tracellular stimuli that are related to cell proliferation, 
differentiation,  and  apoptosis  [47-50].  ERK  is 
dephosphorylated and inactivated by MKP-1 [51,52]. 
Moreover, ERK activation is required for 3T3-L1 dif-
ferentiation  [53-55].  In  the  present  study,  the 
shRNA-mediated  decrease  in  ZFP36L1  expression 
caused  an  increase  in  basal  Mkp-1  mRNA  levels, 
which  may  inhibit  ERK  activation  and  thereby 
downregulate adipogenesis. ERK signaling stimulates 
Mkp-1 transcription [56,57]; therefore, inactivation of 
ERK signaling caused by ZFP36L1 knockdown might 
decrease  the  induction  of  Mkp-1  transcripts  in  re-
sponse  to  differentiation.  Consistent  with  this,  our 
findings indicate that knockdown of MKP-1 weakly 
promoted adipogenesis. It is unknown if ZFP36L1 has 
a  similar  biological  function  in  vivo  because 
ZFP36L1-knockout mice die at day 11 [24]. A range of 
results  have  shown  the  involvement  of  ZFP36L1  in 
myogenic  differentiation.  For  example,  a  previous 
study showed that siRNA inhibition of ZFP36L1 ex-
pression in mouse myoblasts inhibits cell differentia-
tion [58]. However, a different investigation showed 
that  induction  of  shRNA  specific  for  ZFP36L1 
strongly  stimulates cardiomyocyte formation within Int. J. Biol. Sci. 2012, 8 
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embryoid  bodies  [59].  In  contrast,  ZFP36L2  knock-
down  promoted  adipogenesis  compared  with  the 
shRNA control, indicating that TTP family proteins 
might  target  different  mRNAs  and  play  different 
functional roles under physiological conditions. 
Manipulation of adipocyte differentiation might 
provide a means to combat obesity. Although a hier-
archy  of  transcription  factors  control  adipogenesis 
[60,61], little is known regarding the involvement of 
post-transcriptional regulation in adipocyte differen-
tiation.  Our  findings  indicate  that  the  temporal  ex-
pression of TTP family proteins controls the expres-
sion of ARE-containing IEGs, such as Mkp-1, during 
differentiation of 3T3-L1 cells. This is a novel regula-
tion mode in adipogenesis. 
Supplementary Material 
Figure S1: Knockdown of ZFP36L1 in 3T3-L1 cells 
results in increasing IEG mRNAs.  
Figure S2: Mitotic clonal expansion is inhibited in 
ZFP36L1-knockdown 3T3-L1 cells. 
http://www.biolsci.org/v08p0761s1.pdf 
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